The auditory characteristics of pelagic fish have received less attention compared to those of benthic or freshwater fish species, even though underwater sounds are considered to affect their behavior. Audiograms of five spotlined sardines were obtained using the auditory brainstem response technique in which the evoked potential on the skin covering the head of the fish was measured. The auditory brainstem response is a non-invasive electrophysiological method that enables the auditory threshold level of fragile species, such as spotlined sardines, to be measured. The gas bladder of the spotlined sardine has been considered as possibly contributing to an enhancement in their hearing. In the test, the sound absorption profile of sardines was also measured. The frequency at the lowest auditory threshold level (i.e. the most sensitive frequency) and absorption were found at 1024 Hz and 1040 Hz, respectively. The spotlined sardine was found to be sensitive to sounds at relatively higher frequency ranges compared to other seawater fishes and the gas bladder is seen to play a significant role in detecting sound.
INTRODUCTION
Under the United Nations Convention on the Law of the Sea, it is mandated that a precise stock assessment is needed for the sustainable management of fishery resources. Various methods such as tagging, net capture and echo sounder have been applied for surveying fishery resources. The acoustic survey is by far the most appropriate way to remotely measure underwater biomass spread over large areas. 1 Therefore, it has been used widely for stock assessment of offshore species such as walleye pollack, 2,3 tuna 4 and herring. 5 One of the concerns in acoustic survey is the reaction of fish to the underwater noise created by the survey vessel. 6 Many studies have demonstrated startled responses from fishes to underwater sound. [7] [8] [9] [10] [11] [12] The noise from a research vessel could deter fish from the survey area and thus render a negatively biased biomass estimation. Hence, it is necessary to investigate the hearing sensitivity of target fishes to assess possible effects of vessel noise on their behavior.
At this point in time, only a few studies on pelagic species are available, 13 whereas extensive studies have been made on hearing ability of other fish species. [14] [15] [16] [17] [18] In these studies, behavioral and electrophysiological methods have been used for assessing the auditory characteristics of fish. Behavioral methods usually require conditioning of fish by using either electric shocks 19 or food rewards. 20 However, conditioning methods take a long time and could be potentially stressful to the test subjects. Hence, this method is not applicable to those fish species intolerant to the training procedure, such as pelagic fish species. The second type of method is the electrophysiological recording method in which electrodes are inserted into either the midbrain or auditory endorgans 21 of the test subjects. This requires invasive surgery, which fragile pelagic species do not, in general, tolerate very well.
Recently, a non-invasive auditory brainstem response (ABR) recording technique has been used to obtain audiograms of fish. 22 The ABR is a noninvasive, far-field recording of synchronous neural activity in the eighth nerve and brainstem auditory nuclei elicited by acoustic stimuli. [23] [24] [25] The ABR technique requires no conditioning of fish and enables rapid measurements of hearing ability. Previous studies have confirmed that ABR measurements are similar to those made using classical behavioral methods. 22 Therefore, the ABR technique, due to its non-invasive nature and its rapidity, is suitable to investigate the hearing sensitivity of fishes, especially fragile pelagic species.
The spotlined sardine Sardinops melanostictus is one of the typical pelagic fish species and constitutes one of the most important fishery products in Japan. Spotlined sardines form large-sized schools in pelagic waters. Fishing vessels use sonar to detect the position of a fish school and operate a round net for capturing the fish. The operation of fishing vessels inevitably produces intense noise 26 that could alter the fish behavior. Therefore, a comprehensive understanding of the hearing ability of the targeted fish will be valuable in mitigating the potential impacts from boat noise and ultimately in enhancing the efficiency of the catch. However, so far, no report is available on the hearing ability of spotlined sardines.
The purpose of the present study was to investigate the hearing sensitivity of spotlined sardines using the ABR technique. For comparison purposes, audiograms of goldfish Carassius auratus were also estimated using the same technique. The resonant property of gas bladders has been considered to enhance the hearing of many fish species. To test this hypothesis, the absorption profile of the spotlined sardine was also examined.
MATERIALS AND METHODS

Auditory brainstem response recording
Five specimens each of spotlined sardines (mean body length = 172.5 mm and SD = 9.4; mean body weight = 52.4 g and SD = 10.1) and goldfish (mean body length = 52.8 mm and SD = 0.1; mean body length = 4.7 g and SD = 0.4) were tested. During the recording, the test subjects were individually secured inside a rectangular plastic tub (28 cm long by 20 cm wide and 3.5 cm deep) filled with seawater for the spotlined sardine and freshwater for the goldfish. As depicted in Fig. 1 , the plastic tub was placed on top of an antivibration air table (DT-M 4048 M-E; Herz Industry Co., Yokohama, Kanagawa, Japan) and the entire set-up was enclosed in a soundproof chamber (Sciencebox SB-1; Music Cabin Co., Kawasaki, Kanagawa, Japan). Hence, the test tub was isolated from outside vibrations and sounds to prevent unexpected stimuli to the lateral line and inner ear system of the fish specimen.
The trunk of the fish being tested was wrapped in a sheet of neoprene rubber and was temporarily immobilized by a pair of stainless steel plates attached to both sides of the tub. The fish was positioned horizontally and the inner ear system and the frontal end of the gas bladder were kept at the same depth to ensure equal levels of the incident sound pressures at both organs. A small area of the skin on the head of the fish, just above the midbrain, was exposed above the water line but the rest of its body was submerged underwater. Water was supplied though a thin plastic pipette into the subject's mouth to irrigate the gills during recording. The water flow was maintained by gravity in order to avoid any noise that could be introduced by the use of an electric pump.
A Teflon-coated tungsten wire (0.1 mm in diameter) was used as an electrode to pick up acoustically evoked potentials. The tip was exposed by removing the Teflon coating with a scalpel under a microscope (Nikon SMZ-10; Nikon Kogaku, Tokyo, Japan). Two recording electrodes were placed along the midline of the skull over the medulla region. The cables of the two electrodes were twisted to cancel out any contamination from electromagnetic noise coming from outside the chamber. The acoustically evoked potentials were amplified by a biomedical amplifier (MEG-1200; Nihon Kohden, Tokyo, Japan) with a 50 Hz to 10 kHz bandpass filter). The projected sound and the amplified evoked potential were synchronized in the time domain and fed into an oscilloscope (LC334M; LeCroy Co., Chestnut Ridge, NY, USA).
Sound projection
Audio files of five-cycle tone bursts were generated by a program developed using MATLAB® (The Mathworks, Natick, MA, USA). A sinusoidal wave was multiplied by a Gaussian function to decrease the contamination of other frequency components at the onset and offset of the signal. The waveform of the electronically generated signal is depicted in Fig. 2 .
A personal computer (NEC PC 9821Nr; NEC Co., Tokyo, Japan) played back the wave files every 200 msec by using a loop-playing function of an audio software (Cool Edit 2000; Syntrillium Software Co., Scottsdale, AZ, USA). The sound signals were amplified by a power amplifier (Pioneer A-C3; Pioneer Electronics Co., Tokyo, Japan) and the level was controlled by an attenuator (Kenwood RA-920 A; Kenwood Co., Tokyo, Japan). Two different speakers (FW108N; Fostex Co., Tokyo, Japan) for frequencies up to 2896 Hz and Fostex FT7RP for frequencies at and above 4096 Hz) were used to cover the entire range of frequencies of interest. The speakers were fixed to the ceiling of the soundproof chamber at a distance of 45 cm from the test subjects. The sound pressure level was measured by a hydrophone (B & K 8103; Bruel & Kjaer Co., Naerum, Denmark) that was placed in the water adjacent to the head of the fish. A charge amplifier B & K 2692 A 0S1(Bruel & Kjaer Co.) was used to amplify the underwater sounds detected by the hydrophone.
Procedures
The sardines in the present study were fragile and, in general, they survived for only 2-4 h in the plastic tub in the soundproof chamber; thus the audiogram measurements had to be concluded within this time frame. To accelerate the measurements, the following procedure was used. The number of stimuli for each frequency and sound pressure level was reduced to 300 from the 2000 used in earlier ABR measurements. 22 Then, the evoked potential waveforms were averaged by the built-in routine in the oscilloscope. The acoustically evoked potentials had very small peak-to-peak amplitudes, in the range of microvolts, and were easily masked by other biological noises such as electromyogram or electroencephalogram. Hence, the averaging procedure was absolutely necessary for the differentiation of ABR waveforms in order to determine hearing threshold values. However, the signal-to-noise ratio was considered to be lower in this test due to the limited number of projected sounds in each frequency.
For the goldfish, sound stimuli were projected at frequencies of 181, 256, 362, 512, 724, 1024, 1448, 2048, 2986, 4096 and 5093 Hz. For the spotlined sardine, the sound stimuli was restricted to 256, 512, 724, 1024, 1448 and 2048 Hz. As a pilot study, the sound stimuli in the first trial was projected above 120 dB for frequencies 512 Hz to 1448 Hz. Outside of this frequency range, sound pressure levels higher than 130 dB were chosen for the first trial. Once an ABR waveform was observed on the screen of the oscilloscope at the first trial, the projected sound pressure level was subsequently attenuated at 6 dB steps until the ABR amplitude was close to the noise level. Then, the projected sound pressure level was attenuated at 3 dB steps until no discernible responses could be detected. The same procedure was repeated for each tested frequency in order to determine the hearing threshold at each frequency of interest. At the end of the experiment a stimulus with a frequency of 1024 Hz and sound pressure level of 127 dB was projected to each test subject, and the measured ABR waveform was used to confirm if the test subject was still alive at the end of recording. At this sound pressure level, the pronounced peaks of evoked potentials are obvious in a live subject and not observable for a dead subject. If this final check revealed the subject was dead then all the measurements for the subject were discarded and a new fish specimen was used to obtain a new set of data. Due to the fragile nature of spotlined sardines, this final confirmation of the status of fish was crucial to guarantee the meaningfulness of the data.
The averaged waveforms at each frequency and sound pressure level were stored into a floppy disk. Hard copies of waveforms were produced and examined by an unbiased reader. Each fish was tested once and a single threshold level at each frequency was determined. To mitigate the effect of variation across the five specimens, the auditory thresholds of the five fish were averaged.
Absorption of sound by the gas bladder
Five sardines (mean body length = 178 mm and SD = 7.4; mean body weight = 57.8 g and SD = 10.5), which were different from the ABR subjects, were used in the sound absorption experiment. In order to be able to correlate the findings of this experiment with those of the previous ABR study, care was exercised to make sure that there was no difference in body size between the two groups of fish. No significant difference in the body length and weight was seen between the two groups (Mann-Whitney U -test, P < 0.05).
The test sardine was wrapped in plastic mesh and placed at the center of a rectangular tank (88 cm ¥ 43 cm ¥ 45 cm) at half the depth of the water column. An underwater speaker positioned at a distance of 8 cm away from one side of the fish was used to project 200 msec duration tone bursts to the test subject. The projected frequencies ranged from 500 Hz to 2000 Hz at increments of 10 Hz at a sound pressure level of approximately 130 dB. A hydrophone (B & K 8103) was placed adjacent to the other side of the sardine to record the sound passing through the fish. The signals were fed into a charge amplifier (B & K 2692 A0S1) and recorded by a DAT recorder (SONY TCD-D8; Sony Co., Tokyo, Japan). The sound passing through the plastic mesh without the sardine was also recorded as the baseline data. An analog-digital converter (AD link and DA Port USB; Canopus Co., Kobe, Japan) digitized the recorded sounds and created the audio files. The absorption ratio of the projected frequency component with and without the sardine was calculated using a program written in MATLAB®. The ratio of sound pressure levels with the fish and the baseline value (without fish) was calculated. A ratio of 1 indicated complete passing of sound through the fish (i.e. no absorption of sound energy at all) while a value of less than 1 implied absorption of sound energy by the fish.
Immediately after the absorption experiment, the fish was directly transported to a soft X-ray machine (SOFTEX PRO-TEST 100; Softex, Ebina, Kanagawa, Japan). To prevent any movement of the fish during the X-ray exposure, the fish was immobilized by wrapping it in a towel and it was placed inside a pan filled with seawater inside the exposure chamber of the X-ray machine. The radiograph of the fish and the shape of the gas bladder were captured in a digital photo image. The longitudinal and transverse lengths of the gas bladder were measured from the radiograph.
RESULTS
The data in Fig. 2 show recorded waveforms for the sardine (the second trace) and goldfish (the third trace) in response to an 1024 Hz (127.5 dB; re: 1 m Pa) stimulus. The overall waveforms were similar to each other but the evoked potential of the goldfish had higher peak-to-peak amplitudes than those of the sardine, an indication that goldfish have better hearing ability than sardines at this frequency. The tone burst and ABR were synchronized with each other in the time domain. However, the ABR waveforms of both fish varieties oscillated at double the frequency of the projected sound and the first onset showed a negatively biased excursion that later recovered.
The audiograms of the sardine and goldfish are plotted in Fig. 3 . The audiogram of the sardine peaked at 1024 Hz with a threshold of 100.5 dB. The auditory thresholds at the two ends of the audiogram were 123.7 dB for 256 Hz and 121.7 dB for 2048 Hz. The threshold values at the ends of the audiogram were approximately 20 dB higher than the hearing threshold, 100.5 dB, at the most sensitive frequency of 1024 Hz. In the case of the goldfish, the sensitive frequency ranged from 362 Hz to 1448 Hz with the standard deviation of the hearing threshold lower than 10 dB throughout the whole spectrum except at 1448 Hz.
The absorption of the projected sound component with and without the sardine was plotted against frequency in Fig. 4 . A local minimum of the absorption appeared at 1040 Hz, which meant that T Akamatsu et al. the sardine absorbed the energy of the incident sound most effectively at this frequency.
The radiograph, Fig. 5 , provided easy measurements of longitudinal length (white arrow) and transverse diameter (black arrow) of the gas bladder of the test sardines. The averaged length and diameter of the gas bladder were 90.8 mm (SD = 6.44), and 9.44 mm (SD = 1.56), respectively.
DISCUSSION
Evoked brainwaves that were negatively biased and oscillating at double the frequency of the original projected sound (Fig. 2) were observed for both the spotlined sardine and goldfish. Similar characteristics of ABR waveforms have been reported previously. 22 In a previous study, the sensitive frequency range of the goldfish varied from 300 Hz to 1500 Hz. 27 The present data show 1448 Hz is the lowest auditory threshold level, which can be considered relatively high compared with the known thresholds of goldfish at that frequency. However the auditory threshold level of the goldfish reported in a previous study 27 was lower than 80 dB, whereas the present study showed the minimum threshold to be 88.4 dB. It is highly likely that the limited number of sound projections in each frequency caused a lower signal-to-noise ratio in the ABR wave observations in the present study and, therefore, a higher auditory threshold level was observed. Consequently, the auditory threshold level determined in the present study is considered to be a conservative value.
There is still another factor that has to be taken into account in interpreting the results of this and other tests. Resonance inside the tank can distort the sound measurement. 28 To avoid the distortion by the resonant components, the frequency of the projected sound should be lower than the minimum resonant frequency of the tank. The plastic tub used in the current study was chosen to have a minimum resonant frequency of approximately 20 000 Hz, 28 which is much higher than the maximum projected frequency (5093 Hz) of the sound stimuli. A larger test tank could not be used for making auditory measurements because of the possible distortions by the lower resonant frequency of the tank. In contrast, sound pressure levels attenuated exponentially when the frequency was lower than the minimum resonant frequency of the tank. 28 The sound pressure level decreased rapidly with distance from the water surface and this made it difficult to measure the absolute sound pressure level at the position of the inner ear system of the test fish. In the present study, the sound pressure level measured adjacent to the fish head was used as a relative index of the projected sound pressure level. The discussion hereafter mainly focuses on the frequency nature in the obtained data.
The auditory threshold level of the spotlined sardine was minimum at approximately 1 kHz, which is higher than the sensitive frequencies for other fish varieties, such as red sea 35 ). An extensive review of best hearing frequencies of many seawater fish by Soeda et al . 36 revealed that none was above 1 kHz. However, the clupeiform fish had peak sensitivities at over 1 kHz, 13 similar to the value obtained in the present study for the spotlined sardine.
The absorption of the sound energy by the sardine was relatively pronounced at 1040 Hz. Lovik and Hovem 37 measured resonant frequencies of a sprat Clupea sprattus , which belongs in the same family, Clupeidae, as the spotlined sardines. This fish had a slightly larger diameter of the gas bladder (13.2 mm) than the test sardines (9.4 mm) and had a resonant frequency of 900 Hz. Both frequencies fall within the best hearing frequency range of the spotlined sardine as shown in Fig. 3 . In addition to the role of buoyancy control in most fish, some fish appear to have a mechanical coupling between the gas bladder and the inner ear. It is very possible that the gas bladder serves as a pressuredisplacement converter to convey the pressure component of the sound into the ear to augment the overall hearing ability. Clupeiform fish including the spotlined sardine have a specialized gas bladder-inner ear connection. 38 By removing gas from the otic gas bladder, Yan and Curtsinger 39 showed that the otic gas bladder enhanced the hearing ability of a mormyrid fish. As reported previously, the hearing threshold of masu salmon Oncorhynchus masou is significantly decreased by resonance of the gas bladder of a nearby rainbow trout Salmo gairdneri . 40 The data on the spotlined sardine from the present study and data from aforementioned studies point to the possibility that the spotlined sardine detects sound around 1 kHz through the resonant property of its gas bladder. This implied role of the gas bladder in sardine hearing, however, requires confirmation from further experiments on deflation of the gas bladder like those conducted by Yan et al ., 41 The underwater noise spectrum created by a fishing vessel (weight of 4.9 ton and length of 9.13 m) ranges from 100 Hz to 1 kHz ( -10 dB width). 26 Various types of vessels, such as trawlers and ferry boats, generate noise that has dominant frequency components between several tens of Hz to 1 kHz. 26, 42 The most sensitive frequency of the spotlined sardine was found in this study to be approximately 1 kHz and this is within the frequency range of the noise generated by fishing vessels. Therefore, the spotlined sardine is likely to be sensitive to the frequency noises generated by fishing vessels.
The sound pressure levels of the noise generated by fishing vessels are typically 127 dB to 146 dB at distances over 100 m 26 In contrast, as measured in the present study, the auditory threshold level of the spotlined sardine was lower than 123.7 dB in the frequency range between 256 Hz to 2048 Hz. As pointed out earlier, the auditory threshold level measured in the present study is considered to be conservative because of the limited number of ABR wave averaging. This means that the noise of the fishing vessels could be sensed by the spotlined sardine even at distances of 100 m from the vessel. No report on the response of the spotlined sardine to underwater noise created by fishing vessels is available. Therefore, the potential impact of underwater noise on the behavioral response must be investigated, especially to the higher frequency component around 1 kHz.
